The present note is devoted to an analysis of a crucial aspect of current decoherence theory. Its main point is that the claims on the diagonalisation of the density matrix are based on questionable hidden assumptions, conflicting with accepted physical results.
basis. The observer does. The privileged pointer basis is determined by the set of possible outcomes of a measurement act performed by an observer. It is the intervention of the observer on the measurement apparatus in the course of the measurement process that determines the pointer basis.
An example may clarify the underlying issue. Planck's radiation law ρ(ω, T ) = 1 π 2 c 3h ω 3 exp(hω/k B T ) − 1 in black body theory is obtained maximising entropy on discrete energy spectra. In the black body model both absorption and emission are continuous processes, but the entropy is maximised on discrete energy spectra. The equilibrium distribution f = 1 exp(hω/k B T ) − 1 is obtained (Planck 1900 cf. Kuhn 1978 , Mackey 1993 ) maximizing the Boltzmann-Gibbs entropy G(f ) = − f logf on the discrete set of observables ǫ n = nhω ; n = 0, 1, 2, ...., i.e. on the eigenvalues of the energy operator H. Planck's law is then obtained as a product of f and of the mode density ω 2 /π 2 c 3 . Entropy maximisation may be applied to other sets of observables too, but it will yield different results. Entropy maximisation on continuous spectra yields the Jeans-Raleigh law (Einstein 1906 , cf. Kuhn 1978 . Other observables yield other distribution laws ( Mackey 1993) . The key point is that he Planck distribution is obtained maximizing the entropy of a set of energy measurements, i.e. maximizing the observer's information loss on the measurement outcomes of the energy operator.
The density matrix D corresponding to f is
so that its off-diagonal elements are null in the energy eigenbasis (Von Neumann 1932, V. 3) The system is isolated and its evolution is unitary so that its state Ψ is a pure state yielding a density matrix G = Ψ ⊗ Ψ with non-null diagonal elements, which however are generally unknown to to the observer. The point is that the matrix D where the off-diagonal elements are null does not represent the state of the system but only encodes the observer knowledge of the measurement outcomes relative to the energy operator. The matrix D refers to a proper mixture. The fact that the the off-diagonal elements of D are null does not depend on any interaction with the environment, since the system is isolated.
Indeed it is well known that the cosmic background radiation filling the whole universe complies with Planck's radiation law in the absence of any external environment .
The fact that the off-diaginal elements of the matrix D are null is hence seen to depend on the observer, as defined by a set of observables or, equivalently, by a measurement operator. The increase in the system's entropy is not due to any interaction with the environment but just reflects the loss of information of the observer associated to a measurement operator. It worth rememembering that in general the fact that a density matrix S is diagonal with T race(S) = 1 encodes only trivial information on the fact that the measurement will yield some result. Information about the system is encoded either in the off-diagonal elements or in the specific values of the diagonal elements. In the case of the black body the relevant information which determines the values of the diagonal elements is provided by the conservation of energy and by the energy spectrum.
The role of the observer in the decoherence argument is indeed acknowledged in (Joos 1999) , as is the fact that the superpositions in the system are not destroyed but merely cease to be identifiable by local observers. However the pointer basis is implicitly treated as an intrinsic property of the interaction between the system and its environment or a measurement device. This tacit assumption is necessary for the environment-induced decay of the off-diagonal interference terms of the system's density matrix,
which is then interpreted as the vanishing of superpositions. The assumption however leads to inconsistencies, as shown by the following analysis. Treating the pointer basis as an intrinsic property of the environment would not matter if the decoherence argument was independent of the chosen pointer basis. However this is not the case. According to the argument in (Joos 1999) and (Zurek 1993) , the decoherence process induces the decay of the off-diagonal elements of the systems density matrix, ρ S −→ n |c n | 2 |n n| which is interpreted as the emergence of a set of stable macroscopic states. The density matrix however is defined in terms of the pointer basis. Different pointer basis lead to different density matrices for the same state vectors. It is immediate to see that the decoherence process, i.e. the decay of the off diagonal terms in the density matrix, does not commute with a change of basis. Indeed given a density matrix A , let C be a change of basis and , C −1 its inverse and D the operator that equates to null the off-diagonal elements. Then
so that the result of the decoherence process depends on the pointer basis, which is selected by the observer and is independent of the underlying physical process. Indeed any two non-commuting operators induce pointer basis for which the above inequality holds. The states associated with a diagonal density matrix in one basis describe superpositions in the other basis. This is absurd, unless one accepts that the diagonal matrix describes an observer-dependent mixture, for which the above argument does not hold.
The above indicates that the result of the entropy maximisation process depends on the observer and that it applies to the measurement outcomes relative to the observer's measurement operator. It also reveals that there must be a flaw in the argument tieing the decay of the off-diagonal elements of the density matrix to the interaction with the evironment. The claim that interaction with the environment induces the decay of the off-diagonal elements must be wrong, since the diagonalisation process depends on the chosen basis, which is not an intrinsic property of the environment but of the observer.
Indeed if one examines the argument leading to the diagonalisation of the system's density matrix, one discovers that it is based on unphysical no-recoil assumptions on the scattering process (Joos 1999) , i.e. on ignoring back-action either directly or through appropriately chosen cut-offs (cf. Unruh & Zurek 1989) or through selective application of fine/coarse graining to different variables (Brun 1993 , cf. Feynman & Vernon 1963 . It may be noted that the fine/coarse graining approach reveals the role of the observer, which was later fudged by uncritical use of the original results. Under the no-recoil assumption every scattering event multiplies the off-diagonal elements of the local density matrix by a factor 1 − ǫ. This hammers the non-diagonal elements into converging to zero, while preventing the environment from eroding the diagonal elements. The no-recoil assumption forces the density matrix into a very singular form, where the off-diagonal terms converge rapidly to zero, while the diagonal terms remains intact. Applying the no-recoil assumption to a different basis however leads to a diagonal matrix describing a different physical state and which is not diagonal under a change of basis, as shown above.
On the other hand, as shown by the Planck's radiation law, a diagonal matrix referring to a mixture emerges naturally from the system, not on the basis of any physical interaction with the environment, but simply on the basis of the entropy maximisation relative to a measurement operator, yielding the saystem's macroscopic properties.
The decoherence process reflects then the observer's loss of information, not only on superpositions, but on the state of the system. The special status of superpositions is indeed spurious, since it depends on the measurement operator being considered, i.e. on the observer. The singling out of superpositions, i.e. of off-diagonal elements of the local density matrix, for special destructive treatment appears as an anthropomorphic artefact, based on unphysical assumptions.
